We propose a novel excellent two-dimensional photocatalyst SnN3 monolayer using first-principles calculations. The stability of SnN3 monolayer have been examined via formation energy, phonon spectrum and ab initio molecular dynamics calculations. Large optical absorption capacity plays significant role in the enhancement of photocatalytic splitting of water. The SnN3 monolayer have ultra-high optical absorption capacity in visible region, which is as three and four times as that of SnP3 and MoS2 monolayer, respectively. Available potential and appropriate band positions indicating the ability of overall water splitting even in a wide strain range.
Introduction
Since Fujishima and Honda discovered photocatalytic splitting of water on semiconductor electrodes in 1972 [1] , a clean and effective method to produce hydrogen comes into our sight. From then on, over 100 catalyzers, including TiO2, WO3, Bi2WO6, ZnO, Bi2O3 and CdS have been found to play an important role in hydrogen production [2] [3] [4] [5] [6] . However, the long distance that photo-generated electrons and holes have to migrate before reaching the solid & water interface leads to the high carrier recombination rate [7] . Therefore, two-dimensional (2D) materials are favored for the tiny migrate distance, and the giant specific surface area also further enhance the photocatalytic efficiency [7] .
Molybdenum disulfide (MoS2) is a kind of layered 2D compound of graphene-like, which belongs to hexagonal crystal [8] [9] [10] . It is the favored catalyst for overall water splitting because of its appropriate chemical potential and band positions [11, 12] .
However, the poor light absorption capacity in infrared and visible spectrum limit its sunlight utilization, and the recombination of photo-generated electrons and holes resulting in low photocatalytic efficiency. Hu et.al replaced S atom in layered MoS2
into Se atom to obtain MoSe2 [12] . Based on first-principle calculation, they found MoS2 and MoSe2 monolayers have band gaps of 1.95 eV and 1.40 eV, respectively. And the electronic properties of MoX2 (X=S, Se) can be effectively modified by applied strain.
AP3 (A=In, Ge, Sn) are the novel graphene-like 2D materials with great electrical properties and optical absorption capacities. According to the reports [13, 14] , Miao et al. theoretically predicted a single layer of indium triphosphide (InP3). They showed that this is a 2D semiconductor with high stability, suitable band gap of 1.14 eV, and high electron mobility of 2×10 3 cmV -1 s -1 . The bulk GeP3 was experimentally synthesized in 1970s, but its monolayer and bilayer nanostructures just have been studied recently [15] . Different from the bulk configuration, the monolayer GeP3 has a band gap of 0.56 eV at the PBE level, and it can be engineered by the biaxial stain [16, 17] . Besides, the GeP3 monolayer also has better carrier mobility ( functional [32, [50] [51] . Different functionals give the similar band structures, appropriate band gap straddle the potential of hydrogen and oxygen evolutions, indicating the ability of overall splitting of water. As a photocatalyst of water splitting, the optical absorption is worth characterizing, especially in the visible region. Therefore we calculate the real and imaginary parts of dielectric constants then using KramerKronig relations [33] to obtain the absorption coefficient of SnN3 monolayer. The result is fantastic that ultra-high absorption appears in visible spectrum, which is three times as much as SnP3 monolayer and four times as much as MoS2 monolayer, respectively.
Moreover, band structure of SnN3 monolayer can be effectively modified via biaxial strain and external electric field can significantly reduce the band gap which attributes to the Stark effect. Overall, our contribution provides a thorough prediction on the optoelectronic and photocatalytic performances of SnN3 monolayer, which indicates the significant application in the fields of novel nano-electronic devices and photocatalysts for water splitting reactions.
Computation method
All first-principles calculations are performed using plane-wave based density functional theory (DFT) [34] integrated in the CASTEP [35, 48] software package. In order to proceed geometric optimization and system energy computation, the complex interaction of electron-ion is simplified by the norm conserving pseudopotential (NCP) [36] .
To get more accurate electrical and optical properties, we optimize both scale of lattice and atom positions with the local density approximations (LDA) of Perdew and
Zunger parameterization of the numerical results of Ceperley and Alder (CA-PZ) functional [37, 49] , the energy cut-off is set to 770 eV for the plane-wave basis set. As convergence standards for the structural relaxation, the remnant stress and force is under 0.02 GPa/atom and 0.01 eV/Å, respectively. Meanwhile, atom displacement should be smaller than 5×10 -4 Å, and the energy change is converged to within 5×10 -6 eV/atom.
In the self-consistent field (SCF) calculations of density of states (DOS) and other properties, we use GGA/PBE functional with ultra-soft pseudopotential (USP) [38] , choosing an energy cut-off of 500 eV for the plane-wave basis set and a k-mesh of 5×5×1 to sample the Brillouin zone (BZ). Considering that GGA/PBE functional usually underestimates the band gap, HSE06 functional with NCP takes over the band structure calculation to get the accurate gap width, 770 eV plane wave energy cut-off and 3×3×1 k-point grid is enough to guarantee the correct results. Because the optical properties calculated by HSE06 functional are inaccurate while they are strongly related to the gap width. So we use the optical data calculated by GGA/PBE and scissor the under estimated part of the band gap then proceed the absorption calculation. As a measure to proceed 2D material calculation, our cell is built with a 17 Å vacuum slab along Z direction to avoid the interlayer periodic interactions.
Result and discussion

Structure and stability
Based on the previous achievements [18, [20] [21] [22] , our SnN3 start from the SnP3 monolayer (R-3m space group), replacing the P atoms into N atoms then proceeding geometry optimization to minimize the remnant force and stress. Table 1 , compared with SnP3, it has a smaller lattice parameter of 5.25 Å (7.14 Å for SnP3), which caused by the closer combination of N-N bonds than P-P bonds. It is obvious that all the N atoms settle on the same plane, and Sn atoms As results, the formation energy from SnP3 to SnN3 reaches -220 meV/atom, comparable with Pt dope in MoS2 monolayer (-230 meV per atom) [30] and in a low position of the formation energy alignment [7] . So the SnN3 system has great structural stabllity. Moreover, the binding energy Eb of SnN3 monolayer is -6.36 eV/atom.
Phonon spectrum is usually used to evaluate the material stability. We proceed phonon dispersion calculation with finite displacement method integrated in CASTEP package, and the cut-off radius of supercell is set to 8.5 Å (the volume of supercell is 12 time as the unit cell). As shown in Figure 2 (a), the minimum phonon frequency appears at G point while it is still positive, that no imaginary frequency phonon is found at any wave vector, indicating our SnN3 structure is dynamically stable. Further, we compare the highest frequency phonon mode of monolayer SnN3 with that of SnP3, explained by the strong ionic bonds between Sn and N atoms. We also proceed the thermodynamic simulation in its 3×3×1 supercell with Dmol3 package. Considering that pressure is not a significant factor, we choose the constant volume and constant temperature ensemble (NVT), and the initial temperature is set to 300 K. The total simulation time is 2800 fs with a time step of 1 fs. Results are shown in Figure 2 (b), the energy vibrates in the first 250 steps, then maintains within 10 -3 eV/atom during the rest of the steps (much smaller than SnP3 monolayer [20] ), indicating that the structure reaches dynamic equilibrium after 250 fs. The 3×3×1 SnN3 cell maintains its hexagon structure and the N-N honeycomb ring even unchanged undergoing this 2800 steps simulation. That is, the material is dynamic stable at 300 K.
Electrostatic potential indicates the minimum energy that electron must absorb when it escapes from a material, which shows relationship with chemical stability [18, [20] [21] [22] . Water splitting is a clean and effective way of oxygen and hydrogen production.
Properties
However, to proceed water redox, some restrict conditions should be satisfied [7] . One is the band gap not only should exceed the free energy of water splitting of 1.23 eV but also should be smaller than 3 eV to guarantee the reaction sufficiency. The other is the band edges must straddle oxygen evolution reaction (OER) level and hydrogen evolution reaction (HER) level. That is, the electrostatic potential of CBM is higher than -4.44 eV while that of VBM shall lower than -5.67 eV. The Fermi level of SnN3 monolayer has an appropriate electrostatic potential at -5.02 eV shown in Figure 3 (b), fixing its CBM at -4.04 eV and VBM at -6.00 eV, which is 0.40 eV upper than HER level and 0.34 eV lower than OER level, respectively, exhibiting the ability of overall water splitting. As the previous theoretical prediction, the closer CBM and HER level are (the same to VBM and OER level), the higher electrolytic speed will be [7] .
However, the over potential of electrode often limit the efficiency of water reduction and oxidation which have been reported by many experimental studies [39] [40] [41] . Thus, the redundant potentials of SnN3 monolayer might guarantee the water splitting reaction sufficiently proceed.
Optical absorbance is a significant ability for photocatalytic splitting of water, we use optical absorption coefficient α to measure this ability, which is expressed by:
Where ε1 and ε2 are the real and imaginary parts of the complex dielectric constant, they are both functions of the frequency . Because of the anisotropy, ε1 and ε2 both are second-order tensors, if we assume and are the two directions in Cartesian coordinate, the matrix element 2 is expressed by:
In the function, is unit cell's volume, three-dimensional vector ⃗ denotes the 
Where is an infinitesimal number and refers to principle value. 
Under Strain
Many properties of mechanical, electronic and optical are influenced tremendously by strain engineering [42] . Compressive or tensile strains are also helpful in solving the ineluctable lattice parameter mismatch problems in the construction of heterostructures.
The controllable band structures brought by strain engineering broaden the applications of 2D materials. 
Under electric field
Triggering a lot of research activities in material science, the external applied electric field can effectively influence the electronic properties of materials, including 2D materials. The achievements obtained on new materials are looked forward to play significant roles in applications including memory elements, quantum computing and low-power consumption devices [43] [44] [45] .
In order to find the conversion voltage from semiconductor to conductor, we apply When the electric field intensity increases, the states in CB growth in a significant trend, however, the VB states affected little by the electric field, indicating that the valence electrons are more stable than free electrons. 
Conclusion
Herein, we proceed the first-principle calculation screening and identified novel 2D materials SnN3 monolayer. Firstly, we evaluate the possibility of synthesis using formation energy (-220 meV/atom) and binding energy (-6.36 eV/atom). Secondly, the phonon spectrum and AIMD simulation also show that the structure of SnN3 monolayer have great dynamics stability. As electronic properties, the electrostatic potential is -5.02 eV, which makes the appropriate band gap of 1.965 eV across the HER and OER levels, indicating the application potential in overall splitting of water. The band structure can be effectively modified via the external strain, in particular the conversion from in-direct band gap to direct band gap. Also, the biaxial tensile strain can significantly elevate the chemical potential while the potential is reduced via compressive strain. In a wide strain range, the material maintains the ability of overall water splitting. We use absorption coefficient figured out by K-K relations to evaluate the light absorption capacity of SnN3 monolayer. The material exhibits great light absorbance, in particular in visible spectrum, which is as three and four times as that of in SnP3 and MoS2 monolayers, respectively. Last but not the least, the Stark effect caused by the external applied electric field are also been studied. Conversion voltage from semiconductor to conductor of SnN3 monolayer is about 1.2 V/Å. These results based on first-principle calculation predict the electronic, optical and strain properties of SnN3 monolayer, describing the wide application prospects in semiconductor field, especially in photocatalytic water splitting.
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